Reactive oxygen species are well-known and important components of oxidative stress in several diseases. Recently, nitric oxide and its oxidized species, called reactive nitrogen species, have been suggested to be involved in the damage caused by oxidative stress. Peroxynitrite (PN) is one of the reactive nitrogen species, and is formed from nitric oxide and superoxide in vivo. 1, 2) This compound is a highly reactive oxidant and causes nitration on the aromatic ring of free tyrosine and protein tyrosine residues.
Since the nitration of tyrosine residues is a characteristic reaction of PN, the presence of nitrotyrosine in tissues or cell cultures is often used as a marker of the production of PN. It was reported that PN induced various oxidative damages, for example, LDL (low density lipoprotein) oxidation, lipid peroxidation, DNA strand breakage and so on. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Additionally, the nitration of tyrosine is assumed to prevent the phosphorylation of tyrosine residues in the substrate proteins of tyrosine kinase, 14, 15) and to affect tyrosine phosphorylation in the cell signal transduction. 16) This would suggest that the oxidizing and nitrating reactions of PN play pathological roles in the oxidative stress. Although Pfeiffer and Mayer 17) reported 3-nitrotyrosine formation by PN produced from nitric oxide and superoxide in vivo was below the detection limit of the HPLC method, the scavenging of PN in assays involving tyrosin nitration and oxidation in vitro is a useful research tool to provide information on the antioxidant profiles.
The nitration of tyrosine and other aromatic amino acids is one typical reaction of PN, as reported by Van der Vliet et al. 13) and the formation of a fluorescent product assumed to be dityrosine, as an oxidation product, was detected in the reaction of L-tyrosine with PN. Various typical antioxidants were reported to have inhibitory effects on the nitration of tyrosine. 18, 3) However, the inhibitory effects of typical antioxidants on the oxidation reaction of peroxynitrite have not been evaluated. We have briefly communicated 19) that 5-methoxytryptamine (5MT) and a-lipoic acid (LA) are selective inhibitors for tyrosine nitration by PN, but not for oxidative dityrosine formation. The details of this work and further investigations of PN and its scavengers are described in this paper. The formation of nitrotyrosine and dityrosine in the reaction of L-tyrosine and PN was analyzed simultaneously, and then the inhibitory effect of various endogenous compounds and synthesized antioxidants was examined. A selective inhibitor for the nitration was applied to inhibit the PNcaused DNA strand breakage.
Experimental
Chemicals L-Tyrosine, 3,4-dihydroxy-DL-phenylalanine (DOPA), p-fluoro-L-phenylalanine, glutathione (reduced form), serotonin, L-cystine and dl-LA were purchased from Wako Pure Chemical Ind. (Osaka, Japan). 3-Nitro-L-tyrosine, 5-MT, melatonin and 2-methyl-2-nitrosopropane (MNP) were from Aldrich (Milwaukee, WI, U.S.A.). 5,5Ј-Dimethyl-1-pyrroline-N-oxide (DMPO) was from LABOTEC Co., Ltd. (Tokyo, Japan). N-tert-butyl-aphenylnitrone (PBN) was from Sigma (St. Louis, MO, U.S.A.). Plasmid pBR322 was purchased from Takara Shuzo Co., Ltd. (Shiga, Japan) and Tris-Borate-EDTA (TBE) buffer was from Gibco BRL (Rockville, MD, U.S.A.). All reagents used were of analytical grade.
Synthesis of Antioxidants (2S,3R,4S )-N-ethylmercapto-3,4-dihydroxy-2-hydroxymethylpyrrolidine (NEMP) (4) was obtained by hydrolysis of the precursor compound synthesized as described previously. 20) L-N-dithiocarboxyproline (DTCP) (3) was synthesized according to Shinobu et al. 21) Briefly, L-proline (1.15 g) was dissolved in 7 ml of concentrated aqueous ammonia solution in an ice bath. Carbon disulfide (1.2 eq) in a small amount of ethanol was added to the L-proline solution at 0-4°C dropwise. After the reaction mixture had become a homogenous solution, it was lyophilized and yielded pale orange powder (97.6%). The structures and purity of synthesized NEMP and DTCP were confirmed by 1 The inhibitory effects of various endogenous and synthetic compounds on the nitration and oxidation of Ltyrosine by peroxynitrite were examined. Nitrating and oxidizing activities were monitored by the formation of 3-nitrotyrosine and dityrosine with a HPLC-UV-fluorescence detector system, respectively. Glutathione, serotonin and synthetic sulfur-and selenium-containing compounds inhibited both the nitration and oxidation reaction of L-tyrosine effectively. However, 5-methoxytryptamine, melatonin and a a-lipoic acid only inhibited the nitration reaction, and enhanced the formation of an oxidation product. This is important evidence that there are different intermediates in the nitrating and oxidizing reactions of L-tyrosine by peroxynitrite. It was suggested that 5-methoxytryptamine, melatonin and a a-lipoic acid reacted only with the nitrating intermediate of peroxynitrite and inhibited nitration of L-tyrosine. Actually, the DNA strand breakage, which is believed to be a typical reaction of hydroxyl radical-like species, caused by peroxynitrite was not effectively inhibited by 5-methoxytryptamine. 5-Methoxytryptamine, melatonin and a a-lipoic acid were viewed as useful reagents for investigating the mechanisms of damage by peroxynitrite in vitro.
(2R,3R,4S)-2-amino-3,4-dihydroxy-5-phenylselenopentan-1-ol (ADPP) (5) and (2S,4RS)-2-amino-4-phenylseleno-5-carboxybutan-1-ol (APCB) (6) were also synthesized from the corresponding precursors, 22, 23) and their structures and purity were confirmed by 1 18) Briefly, 1 ml of 1 M H 2 O 2 was mixed with 1 ml of 1 M NaNO 2 in a glass tube under acidic conditions in an ice bath, and then rapidly quenched with 2 ml of 1.5 M NaOH. The resulting solution was slowly frozen with dry-ice/acetone and the top layer of the frozen solution was collected. A concentrated peroxynitrite solution (25 to 126 mM) was obtained. The concentration of the PN solution was determined photometrically from the absorbance at 302 nm (eϭ1670 M Ϫ1 cm
Ϫ1
), and the prepared PN solution was stored at Ϫ20°C until used. The stock solution was diluted to the desired concentration with 0.01 N NaOH after determining concentration of the solution photometrically, and used for experiments mentioned below. Although unreacted hydrogen peroxide and sodium nitrite were assumed to be present in the prepared PN solution, neither of these residual reagents gave any oxidized or nitrated products in this system.
ESR Spin Trapping of Tyrosyl Radical
The production of free radical intermediates during the reaction of PN with L-tyrosine was measured by the ESR-spin trapping method using MNP as a spin trapping reagent. Briefly, to 0.1 M phosphate buffer solution (pH 9.5) containing 1 mM L-tyrosine, 80 mM MNP and 0.2 mM diethylenetriaminepentaacetic acid (DTPA), 100 ml of 20 mM PN solution (2 mM as final concentration) was added. Immediately, ESR spectra of the aliquot were measured at room temperature using a 9.5 GHz ESR spectrometer (FE-2X, JEOL Co., Ltd., Tokyo, Japan). Measurement conditions were as follows: microwave power: 10 mW, microwave frequency: 9.45 GHz, modulation frequency and width: 100 kHz and 0.8 G, response and sweep time: 1.0 s and 16 min/100 G, amp. gain: 2ϫ1000.
Reaction of PN with L-Tyrosine To the L-tyrosine (final 0 to 2 mM) solution in 0.1 M sodium phosphate buffer (pH 7.4), PN (final 0 to 8 mM) was added at 37°C. After 10 min incubation at 37°C, p-fluorotyrosine (final 0.91 mM) was added to the reaction mixture as an internal standard, then an aliquot of the mixture was analyzed with a HPLC-UV-fluorescence detector system (TOSOH Corp., Tokyo). The HPLC conditions were as follows:column: TSK-GEL ODS 80-Ts 4.6ϫ150 mm (TOSOH Corp.), mobile phase: 0.1 M potassium phosphate (pH 3.5), flow rate: 1.0 ml/min. The produced 3-nitro-L-tyrosine and 2,2Ј-dityrosine were detected by monitoring the absorbance at 274 nm and the fluorescence at 410 nm (ex. 295 nm), respectively. The detected 3-nitro-L-tyrosine was quantified using a standard curve. The formation of dityrosine was confirmed by comparing the retention time and the excitation/fluorescence spectra of a detected peak with the enzymatically synthesized authentic sample, as described previously. 19 ) Percent changes of the produced dityrosine were calculated from the fluorescence peak area.
For the detection of dopa, the reaction mixture was analyzed by HPLC with an electrochemical detector (TOSOH Corp.). The formation of dopa was detected by monitoring the detector current at 550 mV of electrode potential. The other HPLC conditions were the same as for the detection of 3-nitrotyrosine and 2,2Ј-dityrosine.
Effects of Various Compounds on Nitrotyrosine and Dityrosine Formation
In the presence of various concentrations of testing compounds, Ltyrosine (1 mM) was incubated with PN (0.2 mM) at 37°C for 10 min in neutral buffer solution (pH 7.4). After the addition of fluorotyrosine as an internal standard, the formation of 3-nitro-L-tyrosine and 2,2Ј-dityrosine were estimated. When a testing compound showed inhibitory activity, its IC 50 value was determined for 3-nitro-L-tyrosine and for 2,2Ј-dityrosine formation.
Effects of 5-MT on PN-Induced Plasmid DNA Strand Scission DNA strand scission of pBR322 plasmid by PN was detected in the presence and absence of 5-MT with agarose gel electrophoresis and ethidium bromide staining. Plasmid pBR322 (2.5 ml of 0.2 mg/ml solution, final 0.05 mg/ml) and PN (2.5 ml of 0.2 mM to 10 mM alkaline solution, final 0.05-2.5 mM) were added to PBS (phosphate buffered saline solution) (5 ml) in this order, and the solution was vortexed for 60 s. For the inhibitory experiment on 5-MT, 0.05 mg/ml of pBR322 and 1 mM PN were used. An aliquot of this reaction mixture was loaded on 2% agarose gel with loading buffer (containing bromophenol blue and sucrose). Electrophoresis was performed in TBE buffer at 50 V for 50 min using a Mupid electrophoresis system (Advance Co., Ltd., Tokyo, Japan). After the electrophoresis, the gel was stained with ethidium bromide (1 mg/ml) for 30 min and washed for 30 min, and then three forms of pBR322 plasmid DNA, supercoiled (SC), open-circular (OC) and linear (LN), were detected using a UV luminometer.
Results
Synthesized PN was mixed with L-tyrosine in sodium phosphate buffer at neutral pH, and the products of the reaction of L-tyrosine with PN were analyzed by HPLC with a UV and fluorescence detector system. It was confirmed that 3-nitrotyrosine was formed as a major product in the reaction mixture of PN and L-tyrosine, as reported.
13) The formation of 3-nitro-L-tyrosine was dependent on the concentration of PN and L-tyrosine. The formation of a fluorescent product, 13) which was identified as 2,2Ј-dityrosine by comparing its retention time and fluorescence spectra with the authentic sample prepared as described in Experimental, was also confirmed. 19) To investigate the possibility of the formation of radical species during the reaction of PN, the ESR-spin trapping method was used. MNP was used for spin trapping of radical species during the reaction of PN with tyrosine. In the case of 1 mM L-tyrosine, 2 mM PN and ca. 80 mM MNP at pH 9.5, a triplet ESR signal (a N ϭ15.8 G) was observed (Fig. 1) , while only a trace of the same ESR signal was detected at pH 7.4. From its hyperfine splitting constant, it was identified as a MNP-tyrosyl radical adduct. 24) This result showed that tyrosyl radical could be involved in the reaction of L-tyrosine with PN. In the reaction of PN with tyrosine at pH 9.5, the products were the same as those at pH 7.4 by HPLC analysis. The same intermediates could be involved in the reaction both at pH 7.4 and 9.5.
The inhibitory effects of the test compounds (Fig. 2) , including glutathione, synthetic selenium-and sulfur-containing compounds, and endogenous compounds, on the reaction of PN with L-tyrosine were examined (Figs. 3, 4 , Table 1 ). The formation of 3-nitrotyrosine and 2,2Ј-dityrosine was detected with UV absorption at 270 nm and fluorescence at 410 nm excited with 295 nm light, respectively. All tested compounds were water-soluble at the concentration tested except melatonin, which was used after being well dispersed in water by sonication. Glutathione, serotonin and synthetic compounds, DTCP (3) and NEMP (4) effectively inhibited both the formation of 3-nitrotyrosine and 2,2Ј-dityrosine, and L-cystine had a very weak inhibitory effect on the 3-nitrotyrosine formation. 19) Synthetic compounds, ADPP (5) and APCB (6) , also inhibited the formation of 3-nitro-L-tyrosine and 2,2Ј-dityrosine. In the case of 5-MT, melatonin and dl-LA, the formation of 2,2Ј-dityrosine was not inhibited, but rather enhanced, although 3-nitrotyrosine was significantly inhibited. 19) Melatonin also inhibited the formation of 3-nitrotyrosine without inhibiting the formation of 2,2Ј-dityrosine (Fig. 3) . Thus, these three reagents are thought to be a new type of inhibitor for the PN reaction because of their selective inhibitory activity for the nitration. Although some radical species may be involved in this reaction based on the results obtained from the ESR experiment, the formation of both 3-nitrotyrosine and 2,2Ј-dityrosine was little affected by DMPO and PBN even at high concentration (Ͼ5 mM).
Without antioxidant compounds, a small amount of DOPA, another oxidized product of L-tyrosine by PN, was also detected in the reaction mixture using HPLC with an electrochemical detector. When glutathione or DTCP was used as the test compound, the amount of dopa detected first increased and then decreased with increase in the concentration of the test compound (Fig. 5) . The initial increase of DOPA formation at a low concentration of test compound was assumed to be due to inhibition of further DOPA oxidation. When DOPA was treated with PN, a new product was detected by HPLC, which was considered to be the oxidized and polymerized product of DOPA. This dopa-derived product was also detected in the reaction mixture of PN and L-tyrosine. In the presence of 5-MT and LA, however, the formation of dopa was not affected. This result also supports that 5-MT and LA are selective inhibitors for the formation of 3-nitrotyrosine.
When the SC plasmid DNA was treated with 1 mM PN, DNA strand scission was observed as reported, 25) but in this concentration range, the SC form of DNA did not completely disappear. The OC (single strand scission) and LN (double a) The compound did not inhibit the formation more than 50%. b) The IC 50 value was not calculated. c) The formation of 2,2Ј-dityrosine was enhanced. strand scission) form of DNA was increased in a dose dependent manner. This result showed that the DNA strands were broken by PN although its effect was less strong. In the presence of 5-MT, DNA strand breakage by 1 mM PN was not inhibited at less than 2 mM, and was only partly inhibited even at 5 mM of 5-MT (Fig. 6) , although the tyrosine nitration by PN was effectively inhibited by 5-MT (IC 50 value of 5-MT for 0.2 mM peroxynitriteϭ0.48 mM).
Discussion
From the HPLC analysis, 3-nitro-L-tyrosine and 2,2Ј-dityrosine were confirmed to be produced from the reaction of PN with L-tyrosine, indicating they are nitration and oxidation products, respectively. The amount of 3-nitrotyrosine formed was dependent on the concentration of PN and L-tyrosine. In the reaction of decomposed PN (dilution of PN in phosphate buffer at pH 7.4 resulted in rapid decomposition and this solution was used for the reaction with tyrosine instead of PN) or nitrite anion with L-tyrosine, 3-nitrotyrosine and 2,2Ј-dityrosine were not detected. In the case of hydrogen peroxide treatment, 3-nitrotyrosine was not detected, but a trace amount of dityrosine was formed. These results showed that the formation of 3-nitrotyrosine and 2,2Ј-dityrosine was the result of the reaction with PN, not with residual hydrogen peroxide, nitrate anion, or a decomposed product of PN.
Although there was a report on the inhibitory effects of glutathione and LA on tyrosine nitration, 3) the effects of antioxidants on the formation of dityrosine have not been investigated. Therefore, we studied the inhibitory effects of endogenous and newly synthetic potential antioxidants on the nitration and oxidation reaction by PN simultaneously. The formation of 3-nitrotyrosine by PN was effectively inhibited by glutathione, serotonin, the tested synthetic dithiocarbamate, thiol and selenium-containing compounds. The formation of 2,2Ј-dityrosine was also inhibited at a low concentration of glutathione and tested synthetic compounds. Thus, our synthetic compounds containing sulfur or selenium, DTCP, NEMP, ADPP and APCB, were as effective for the inhibition of PN reaction as was glutathione.
In the case of 5-MT, melatonin and LA, the formation of 3-nitrotyrosine was inhibited depending on the concentration. However the 2,2Ј-dityrosine formation was not inhibited, but rather increased at a lower dose. This result suggests that 5-MT, melatonin and LA selectively inhibited the nitration reaction of PN, and that the nitration and oxidation by PN proceeded, at least partly, via different intermediates. These endogenous compounds were selective scavengers for the nitrating intermediate of PN.
From the spin trapping study, tyrosyl radicals were shown to be formed in this reaction. This result supports the reaction pathway whereby PN is converted to a radical intermediate, and then a tyrosyl radical intermediate produced. However, the radical pathway in this reaction was not assumed to contribute much to the formation of nitrotyrosine and dityrosine, because DMPO and PBN, typical spin trapping reagents, did not affect their formation even at higher concentrations. Since dityrosine was thought to be formed by the dimerization of tyrosyl radicals, it was assumed that PN might react with tyrosine as a caged radical form such as [ONO · ... · OH] without releasing free hydroxyl radicals. 26) As described above, 5-MT, melatonin and LA inhibited only the nitration reaction. If the nitration of L-tyrosine and the dityrosine formation were carried out with the caged radical species, the tyrosyl radical formation by · OH-equivalent species and the addition of the NO 2 · -equivalent species should occur simultaneously for the nitrotyrosine formation. In this case, it is unlikely that 5-MT, melatonin or LA is able to inhibit the nitration of tyrosine selectively, because it is impossible for these reagents to react only with the nitrating NO 2 · -equivalent species in the caged radical pairs without interacting with the · OH-equivalent species. Moreover, NO 2 · also has the potential to subtract hydrogen atom from tyrosine to yield tyrosyl radicals. So, if 5-MT, melatonin or LA scavenges NO 2 · -equivalent species selectively, they have to inhibit the formation of both nitrotyrosine and dityrosine. From the results of the experiments with 5-MT, melatonin and LA, it was suggested that there are at least partly independent pathways to form 3-nitrotyrosine and 2,2Ј-dityrosine. It was assumed that 2,2Ј-dityrosine was formed from the dimerization of tyrosyl radicals derived by a caged radical like [ONO · ... · OH], and that 3-nitrotyrosine was formed . 26) For the selective inhibition of the nitration, 5-MT, melatonin and LA may scavenge only the caged dipolar intermediate.
In the reaction of plasmid DNA and PN, a SC form of DNA was changed to an OC and LN form by PN treatment, showing that PN caused DNA strand breakage, and suggesting that PN could produce a · OH-equivalent intermediate. However, the extent of the cleavage appeared to be weaker than the effect of Cu(en) 2 -H 2 O 2 system, which was established to produce hydroxyl radicals, 27) so PN may not produce a large amount of free hydroxyl radicals. In the presence of 5-MT, the extent of the OC and LN DNA formation by PN was only slightly inhibited. This means that 5-MT had little effect on the DNA cleavage by the · OH-equivalent intermediate of PN. This result suggested that 5-MT had no scavenging effect on the · OH-equivalent intermediate of PN, as in the case of the reaction of PN with L-tyrosine.
In this study, the inhibitory effects of synthetic and endogenous compounds on the formation of 3-nitrotyrosine and 2,2Ј-dityrosine were investigated simultaneously. The synthetic compounds tested efficiently inhibited both 3-nitro-Ltyrosine and 2,2Ј-dityrosine formation, and 5-MT, melatonin and LA were found to have a selective inhibitory activity for the nitration reaction of PN. These results suggest that the nitration and the oxidation by PN proceed at least in part separately, and nitration-selective inhibitors, 5-MT, melatonin and LA, should be very useful compounds to investigate reactive nitrogen species (RNS). Further investigation of the functional damage and modifications of protein tyrosine residues by PN and the protective effects of the compounds found in this study are in progress.
